The risk of Hodgkin lymphoma (HL) is in-
Introduction
HIV-1-infected patients have a risk of developing Hodgkin lymphoma (HL) that is approximately 10-fold higher than in the general population. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Since the advent of potent combination antiretroviral therapy (cART), which suppresses the replication of HIV-1 and gradually restores immune function, the incidence of non-Hodgkin lymphoma and other AIDS-defining cancers has declined substantially. 7, 8, 15 In contrast, the incidence of HL, a non-AIDS-defining cancer, does not appear to have decreased, [16] [17] [18] [19] with some studies finding that the incidence may have increased. [8] [9] [10] [11] [20] [21] [22] There is debate on the relationship between immunodeficiency and the risk of HL in HIV-1-infected patients. The United States HIV/AIDS Cancer Match study 20 found that patients with moderate immunodeficiency (CD4 ϩ T-lymphocyte counts, 150-200 cells/ L) had the highest risk of developing HL, higher than patients with more severe immune suppression, supporting the hypothesis that some degree of immune competence may be required for HL to develop. 23, 24 In contrast, the French Hospital Database on HIV and others showed that the risk of HL increased as the CD4 cell declined. 16, 25, 26 Lymphocytopenia at the time of diagnosis of HL is well documented in non-HIV-infected patients, and in these patients lymphocytopenia correlates with prognosis. 27 It is, however, unclear when CD4 ϩ cells and other lymphocytes start to decline in patients developing HL. This question can be examined in HIV cohort studies, which routinely monitor CD4 counts: a recent study in HIV-infected patients from Switzerland showed a decline of CD4 and CD8 cells in the year before the diagnosis. 17, 28 We examined the incidence and risk factors for HL and the CD4 cell count trajectories in HL patients and controls in the Collaboration of Observational HIV Epidemiological Research Europe (COHERE), a large collaborative effort of European HIV cohort studies.
Methods

COHERE
COHERE is a collaboration of 33 observational cohort studies of adult and pediatric HIV-infected patients in 30 European countries, 29 which was established in 2005 with the objective of conducting hypothesis-driven clinical and epidemiologic research. All cohorts have been approved by local ethics committees or institutional review boards of all participating institutions, use standardized methods of data collection, and schedule follow-up visits at least once every 6 months. Cohorts transfer their data using the standardized HIV Collaboration Data Exchange Protocol 29 
Inclusion criteria and definitions
We included data from cohorts that prospectively and systematically collected information on new diagnoses of HL in adults (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). We included all cART-naive HIV-1-infected patients 16 years of age or older who started cART at some point after January 1, 1998, at a time when cART had become well established and widely used in Europe. All patients had to have at least one clinic visit after January 1, 1998 and before starting cART. In patients developing HL, the visit date had to be before the diagnosis of HL. Prevalent cases (ie, patients who were diagnosed with HL within one month after the first eligible visit date) were excluded.
Baseline CD4 cell count was defined as the first CD4 count measured during a visit after January 1, 1998. The baseline plasma HIV-1 RNA viral load was taken as the measurement closest to the baseline CD4 cell count, within a window of Ϯ 30 days. The nadir CD4 cell count was defined as the lowest ever measured CD4 cell count up to 7 days after starting cART. In patients who developed HL before starting cART, the nadir CD4 count had to be measured before the diagnosis of HL. We defined cART as a regimen of at least 3 antiretroviral drugs from any drug class, including protease inhibitors, nucleoside reverse transcriptase inhibitors, non-nucleoside reverse transcriptase inhibitors, and fusion inhibitors. The diagnosis of HL was based on excisional biopsy and histopathologic examination of tumor tissue. Data were merged on July 31, 2006.
Case-control studies of CD4 cell count trajectories in patients on cART
We performed 2 nested case-control studies in patients on cART to examine the evolution of peripheral CD4 cell counts before the diagnosis of HL. We included all patients who developed HL after starting cART. In the first study, all cases were included, with controls matched to cases for cohort, age at the start of cART (16-29, 30-39, 40-49 , and Ն 50 years), sex, transmission risk group (injection drug user, sex between men, heterosexual sex, other/unknown), Centers for Disease Control (CDC) clinical stage, and duration of cART. For each eligible HL case, we randomly selected up to 30 controls. In the second study, we restricted the analysis to patients who had been on cART for at least 90 days, with suppressed HIV-1 RNA viral load at the reference date (date of diagnosis of HL in cases or the date of identical length of follow-up since starting cART in controls), and who were free of AIDS. AIDS-free controls were matched to HL cases for CD4 cell count at the start of cART (Ͻ 50, 50-199, 200-349, and Ն 350 cells/L) and cohort, age, sex, transmission risk group, duration of cART treatment as defined in "Inclusion criteria and definitions." For each eligible HL case, we randomly selected up to 5 controls. In both studies, we analyzed CD4 cell counts at 0, 180, 360, 540, and 720 days after start of cART, and at 0, 180, 360, and 540 days before the reference date. We allowed a window of Ϯ 90 days for all time points, except for the reference date, where the time window was Ϫ90 to ϩ7 days.
Statistical analysis
Incidence rates were calculated by dividing the number of patients developing the disease by the number of person-years at risk. In patients not on cART, we measured time from the date of the first visit after January 1, 1998 (baseline) until the date of diagnosis, start of cART, or the last follow-up visit, whichever came first. In patients on cART, we measured time from the start of cART until the date of diagnosis or the last follow-up visit. We used an intent-to-continue-treatment approach and thus ignored subsequent changes to treatment, including treatment interruptions and terminations. Survival in patients diagnosed with HL was analyzed by measuring time from the date of diagnosis to death from any cause or to the date the patient was last known to be alive.
We identified risk factors for HL in Weibull models, with random effects to account for the heterogeneity between cohort studies. Several cohorts had not recorded any HL cases. We therefore grouped cohorts into 4 regions (France, Western Europe other than France, Southern Europe, and other Europe) and included a random effect on region. CD4 cell counts and viral load were included as time-updated variables in some models. The slope of CD4 cell counts after the start of cART and during the year before the reference date was analyzed in multilevel linear regression models, and P values for differences between slopes in cases and controls were calculated. We determined the area under the viral load curve to quantify levels of exposure to HIV-1 replication over time. For each period between 2 viral load measurements, we calculated the area under the viral load curve by multiplying the log of the mean viral load by the number of days between measurements. Periods between 2 undetectable viral load measurements had an area under the viral load curve of zero. We calculated the total area under the viral load curve for each patient by adding up values of all periods.
Results are presented as medians with interquartile ranges (IQRs), incidence rates per 100 000 person-years, Kaplan-Meier estimates of the cumulative incidence of HL, crude and adjusted hazard ratios, as well as Kaplan-Meier probabilities of death with 95% confidence intervals (CIs). All analyses were done in Stata (Version 10, StataCorp, College Station, TX).
Results
Characteristics of cohorts and patients
The database included a total of 67 659 patients from 30 cohorts, including 107 patients who had been diagnosed with HL. Cohorts that did not actively ascertain HL were excluded from the analysis (13 cohorts with 21 503 patients). Another 5988 patients were excluded for the reasons detailed in Figure 1 . Compared with included patients, excluded patients were more likely to be men (74% vs 70%), and men who have sex with men (34% vs 26%). Included and excluded patients did not differ in terms of CDC clinical stage, median age, and baseline CD4 and HIV-1 RNA values. 
CD4 cell count, n (%)
Ͻ 50 cells/L 10 (13) 5621 (14) 50-99 cells/L 8 (10) 3546 (9) 100-199 cells/L 20 (26) 6423 (16) 200-349 cells/L 14 (18) 8942 ( Data from 40 168 patients (59%) were analyzed. Median age was 36.1 years (IQR, 30.8-42.7 years), and most patients were male (28 085; 70%). Heterosexual contact was the most frequent risk factor for HIV-1 transmission, followed by sex between men and injection drug use. The median baseline CD4 cell count was 234 cells/L (IQR, 96-400 cells/L), the median nadir CD4 cell count was 198 cells/L (IQR, 83-312 cells/L), and the median plasma viral load was 74 300 copies/mL (IQR, 18 450-227 000 copies/mL). Table 1 compares the 78 patients who developed HL with the 40 090 patients who did not. HL patients were more likely to be male and had lower baseline CD4 cell counts and higher baseline viral loads. Table 2 shows the number of HL cases, person-years of follow-up, incidence rates, and crude and adjusted hazard ratios. Overall, the incidence rate was 49.0 (95% CI, 39.3-61.2) per 100 000 personyears. It was similar in patients not on cART and patients on cART: the crude hazard ratio (HR) was 1.02 (95% CI, 0.59-1.75). Median time from the start of observation to the diagnosis of HL was 2.37 years (IQR, 0.64-3.31 years) while not on cART and 1.50 years (IQR, 0.59-3.41 years) while on cART. The cumulative incidence of HL was 0.28% (95% CI, 0.21%-0.36%) by year 6 (Figure 2A) .
Incidence rates and risk factors for developing HL
In the multivariable analysis adjusted for age, sex, risk group, CDC clinical stage, and baseline CD4 cell count, there was some evidence that the risk of HL was higher in patients with CD4 cell counts between 100 and 199 cells/L at the start of the observation compared with patients with CD4 cell counts less than 100 cells/L or more than 200 cells/L (P ϭ .051, Table 2 ). The risk was also increased in patients with transmission group other or unknown, and in patients with a history of injection-drug use, but the association failed to reach statistical significance (P ϭ .082). There was weak evidence of a higher risk in younger and older patients, compared with middle-aged patients (P ϭ .44).
Risk factors were similar when restricting analyses to patients on cART, with one exception: patients with CDC clinical stage C at the start of cART were more likely to develop HL compared with patients in stages A or B. The crude HR was 1.98 (95% CI, Table 3 shows hazard ratios for HL from multivariable models, including time-updated CD4 cell count and HIV-1 RNA viral load in patients before and after starting cART. There was a strong association with time-updated CD4 cell count, which remained when adjusted for time-updated viral load: the lower the timeupdated CD4 cell count, the higher the risk of HL. The fully adjusted HR for a time-updated CD4 count of 350 cells/L or higher was 0.27 (95% CI, 0.08-0.86) compared with a CD4 count of less than 50 cells/L. Conversely, there was little evidence for an association of time-updated viral load. Results were similar when restricting the analysis to patients on cART (data not shown).
Case-control studies of CD4 cell count and viral load trajectories on cART
In the first study, the 61 patients who developed HL on cART were matched to 1652 controls. Eighteen cases (29.5%) met inclusion criteria for the second study and were matched to 79 controls. Forty-three patients (70.5%) were excluded because they had not been on cART for at least 90 days (n ϭ 4), had an AIDS-defining condition (n ϭ 28), or did not have the required CD4 cell count (n ϭ 3) or viral load measurements (n ϭ 8). Characteristics of patients included in the 2 case-control studies were similar (Table 4 ). CD4 cell counts at start of cART and at date of HL diagnosis CD4 cell counts at diagnosis were again lower in cases than in controls (median count, All models include patients before and after starting cART and adjusted for age, sex, transmission group, and CDC clinical stage. Model 1 additionally includes time-updated CD4 count, model 2 additionally includes time-updated HIV-1 RNA, and model 3 includes both time-updated CD4 count and HIV-1 RNA in addition to the baseline variables.
-indicates not applicable.
195 cells/L vs 369 cells/L, P ϭ .0004). Figure 3 shows trajectories of CD4 cell count and HIV-1 RNA viral load in cases and controls after starting cART ( Figure 3A ) and before the diagnosis of HL ( Figure 3B ). CD4 counts in cases decreased during the year preceding HL diagnosis (Ϫ99 cells per year; 95% CI, Ϫ196 to Ϫ1.5 cells), whereas controls continued to gain CD4 cells (59 cells per year; 95% CI, 26-93 cells; P for difference in slopes ϭ .003). These differences were observed despite similar trajectories in viral load, both after starting cART ( Figure 3A ) and before the diagnosis of HL ( Figure 3B ), and overall similar areas under the log viral load curve (Table 4) . Patients developing HL before starting cART also experienced a decrease of CD4 cell counts in the year before HL diagnosis (Ϫ226 cells per year; 95% CI, Ϫ255 to Ϫ94 cells). However, in these untreated patients, the area under the log viral load curve was considerably greater (2291 copies/mL; IQR, 1990-2577 copies/ mL) compared with patients receiving cART.
Survival
During a median follow-up of 18 months (IQR, 4.8-34.8 months), 12 of 78 patients diagnosed with HL died. Six (50%) died during the first 6 months of cART. Survival of patients was 88% (95% CI, 77%-94%) at one year and 81% (95% CI, 68%-89%) at 2 years ( Figure 2B ). There was little evidence for a difference in mortality for patients developing HL on cART or not on cART (P from log rank test ϭ .73). Of note, all patients who were cART naive at HL diagnosis started cART after HL diagnosis; the median time between HL diagnosis and start cART in these patients was 10 days (IQR, 0-17 days) . Given the small number of deaths, no further analyses were done to identify prognostic factors.
Discussion
This large collaborative analysis of European HIV-1 cohort studies found that the incidence of HL was close to 50 new cases per 100 000 person-years of follow-up, independently of whether or not patients received cART. Few risk factors could be identified. For example, HIV-1 viral replication at baseline was not associated with the risk of HL. There was some evidence that patients who started cART with advanced clinical disease were at increased risk of HL and that patients with baseline CD4 cell counts of 100 to 199 cells/L were at higher risk of developing HL than patients with lower or higher CD4 cell counts, in line with the results from the United States HIV/AIDS Cancer Match study. 20 In patients on cART, HL was associated with a loss of peripheral CD4 cells in the year before diagnosis, which was not explained by higher levels of HIV-1 replication. This was also reflected in time-updated analyses, which showed that the risk of HL increased as the most recent CD4 count decreased. Finally, 88% of HL patients were alive at one year after the diagnosis and 81% survived to 2 years.
Our study has several strengths and limitations. Thanks to a long-standing collaborative network of HIV cohort studies in Europe, data from more than 40 000 patients could be analyzed. CD4 cells and plasma HIV-1 RNA viral load were measured in regular intervals, which allowed us to examine the evolution of cell counts and levels of viral replication before the diagnosis of HL. The number of HL cases was reduced because not all cohorts systematically recorded this diagnosis during follow-up: HL is not classified as an AIDS-defining event. Even for cohorts systematically recording HL, data on Epstein-Barr Virus (EBV) serology, peripheral CD8 lymphocyte counts, histology, Ann Arbor stage, and chemotherapy regimen, which would have been of great interest in the present study, were not available. In addition, a central pathology review was not performed. Follow-up for patients diagnosed with HL was relatively short and less than 5 years on average. The relatively small number of cases meant that the power of our study was limited. For example, differences in the risk of HL across age groups, sex, or nadir CD4 count cannot be excluded with certainty. The case-control analysis of CD4 count trajectories in patients with suppressed HIV-1 viral loads was small because of stringent matching criteria. The close matching made it unlikely, however, that the differences we observed in the CD4 trajectories were explained by differences in HIV-1 replication or clinical stage. In addition, characteristics of patients included in this analysis were similar to the analysis based on all patients developing HL on cART. It is thus doubtful that a selection bias caused the observed CD4 decline. The incidence of HL in HIV-1-infected patients observed in our study compares well with other studies from the cART era. 15, 17, 20, 25 A bimodal age distribution is characteristic for HL in HIV-negative patients, 30 and some, albeit weak evidence of such bimodality was also found in this study and in previous analyses of single cohorts. 17, 25 A history of AIDS has been identified as a risk factor for HL in previous studies. 9, 31 In our study, this was evident only in patients on cART. Finally, it has been suggested that nonnucleoside reverse transcriptase inhibitors increase the risk to develop HL. 21 However, this observation was not confirmed in other studies, 32 or the present study. Survival of HIV-infected patients with HL was poor before cART became available but has improved considerably since then: survival is now approaching that of HIV-negative patients. [33] [34] [35] [36] [37] [38] A recent study of European HL patients diagnosed between 1995 and 1999 showed that, in HIV-negative men 15 to 44 years of age, survival at one year was 98%, 39 whereas in our study the corresponding survival was 86% (95% CI, 73%-93%).
Our study and the HIV/AIDS Cancer Match study showed some evidence that patients with moderate immunosuppression at baseline were at the highest risk of HL. 20 This is biologically plausible: in HL tissue, the majority of cells are benign lymphocytes, including CD4 ϩ and CD8 ϩ T lymphocytes, plasma cells, histiocytes, and eosinophil granulocytes, and only approximately 1% are malignant Reed-Sternberg cells. 40, 41 Reed-Sternberg cells express receptors, including CD40, that activate the nuclear factor-B pathway. 23, 24, 42 Ligands for these receptors are found on activated CD4 and other cells that surround Reed-Sternberg cells. 23, 24, 42 Immune reconstitution after cART increases CD4 cell counts and possibly the interaction between CD40 and CD40L, which in turn may increase the risk of HL. 24 EBV probably plays an important role in the pathogenesis of HL in HIV-1-infected patients: the majority of HL tissues in HIV-1-infected patients test positive for EBV and the EBV-encoded latent membrane protein 1 contributes to nuclear factorB activation. 23, 24, 42 If some degree of immune competence is required for HL to develop, then patients with moderate immunodeficiency should be at higher risk than patients with severe immunosuppression. 24 Interestingly, when we examined the most recent CD4 Tlymphocyte count before HL diagnosis, the risk of HL increased substantially with decreasing CD4 cell counts. Similar observations were reported in the French Hospital Database on HIV, 16, 25 although this is not an independent observation as the French Hospital Database on HIV study participates in COHERE. In HIV-negative HL patients, lymphocytopenia is frequently observed at diagnosis and the degree of CD4 lymphocytopenia is associated with stage: with increasing Ann Arbor stage, the degree of peripheral lymphocytopenia increases, for CD20 B-lymphocytes, CD4 T-lymphocytes, CD8 T-lymphocytes, and NK cells (CD3 Ϫ / CD56 ϩ /CD16 ϩ ). 42 Consequently, lymphocytopenia at HL diagnosis has been identified as a marker for poor survival. 27 The mechanisms leading to peripheral lymphocytopenia are not well understood, and several factors, including immunosuppressive effects of cytokines and redistribution of lymphocytes from the periphery into tumor tissue, might be involved. 41, 43, 44 Our results confirm previous observations from the Swiss HIV Cohort Study 17, 28 and indicate that declining CD4 cell counts in patients responding to cART may represent early signs of HL. 45 Further research is required to clarify to what extent this observation is specific to HL, or a more general phenomenon in patients developing opportunistic events. 46 Moreover, peripheral CD4 cell counts provide information on one aspect of immune function only: HIV infection probably affects the immune system in other, more complex ways that may be relevant to the pathogenesis of HL. 47 In conclusion, this large collaborative analysis of European HIV cohort studies showed that, in the era of cART, the incidence of HL is similar in patients receiving cART and patients not on cART. In HIV-infected patients, a decline of CD4 cell counts, which is not explained by virologic failure of cART, may herald the diagnosis of HL and should therefore alert clinicians to the possibility of a developing HL.
